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Summary 
 
Molecular imprinted polymers (MIPs) and Quartz Crystal Microbalance (QCM) 
techniques have been widely used in the detection and separation of chemical 
compounds. In this work, a new quartz-crystal microbalance (QCM) sensor that 
provides enantioselectivity to tryptophan enantiomers, with a high selectivity and 
sensitivity, was fabricated by the use of the molecularly imprinted polymers (MIPs) as 
the artificial biomimetic recognition material. The preparation of the thin permeable 
film coatings on QCM surface is described as well as the results and discussion on the 
sensitivity and selectivity of the coatings to tryptophan enatiomers under different 
conditions. The influence of the cross-linking agent concentration on the sensitivity 
and selectivity of the fabricated polymer films was investigated and optimized. 
 
The combination technique of molecular imprinted polymers and QCM was also 
applied in discriminating chemical analogues, sulfamethazine (SMZ) and 
sulfamethoxazole (SMO). Some improvements were made to obtain the better 
selectivity of the MIPs by incorporating poly (vinyl acetate) (PVAc) and 
low-volatility solvent diethylene glycol dimethyl ether to facilitate better adsorption 
by the formation of a more porous and open structure of the polymer. All of the 
results show that good reproducibility, sensitivity and selectivity can be achieved. 
And the thickness of the films is controllable. AFM and SEM are used to characterize 
the morphology of the polymer film coated on QCM.  
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1.1 Principle, type of binding, and general application of 
molecular imprinted polymers (MIPs) 
 
In view of the challenges in the environmental, medical, food process and defense 
industries, there is a need for analytical methods with high sensitivity and accuracy. 
Biological recognition agents such as antibodies, enzymes, and other receptor 
molecules have been widely employed in analytical and diagnostic practices [1, 2]. 
Although these agents are highly specific and sensitive, they are labile, expensive, and 
have a low density of binding sites. Hence there is a significant demand for robust and 
stable receptor molecules that can mimic biorecognition elements such as antibodies 
and enzymes. The technique of molecular imprinting provides a promising and 
advantageous alternative to overcome the problems associated with biomolecules. 
 
1.1.1 Principle of Molecular Imprinted Polymers 
 
The concept of imprinting was first reported in 1949 by adsorbing different dyes in 
silica by Dickey’s group [3, 4]. Originally it was introduced as a means to create 
binding sites in synthetic polymers. The imprinting of organic polymers was first 
reported by Wulff’s group in 1972 [5, 6, 7]. The technique has now matured and it has 
become established in several disciplines owing to its ability to form stable, robust 
materials with molecular selectivity for a wide variety of target compounds.  
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To obtain highly specific binding sites of a definite shape containing functional 
groups in a predetermined orientation [5, 6, 7], the functional groups were bound in a 
polymerizable form to a suitable template molecule (a) (Fig. 1.1). This monomer was 
then copolymerized under conditions that led to the formation of highly cross-linked 
polymers with chains in a fixed arrangement (b). After removal of the template, 
polymers with well-defined cavities (c) were obtained, whose structure and 
arrangement of functional groups were predetermined by the chemical nature of the 
template. The functional groups in these cavities are located at various points in the 
polymer chain, and are held in a definite mutual orientation simply by the 
corss-linking. In this case, the stereochemical information is not carried by a low 
molecular weight part of the molecule. Instead, the entire arrangement of the polymer 
chains is responsible for the stereochemical structure. This is reminiscent of the 
structure of the active centers of enzymes [8]. The relationship of the template to the 
imprinted cavity corresponds to the key/lock principle proposed by Emil Fischer for 
enzyme catalysis around 100 years ago [9].  
 
Figure 1.1 Schematic representation of the imprinting of specific cavities in a 
crosslinded polymer by a template with three different binding groups. 
Polymerize (a) 
(b) 
Functional 
monomer 
Template 
molecule 
Crosslinker
Pre-assembly
Removing template
(c)
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The polymerization of the template monomer B is an example of the imprinting 
method. Extensive optimization studies were carried out on this system. The template 
is phenyl-α-D-mannopyranoside A to which two molecules of 4-vinylphenylboronic 
acid are bound by esterification with two OH groups of the sugar to give B. 
O
O
B
O
O
O
O
B
O
OH OH
CH2OH
OH O
A B  
 
Boronic acid was chosen as the binding group (binding site) as it undergoes a rapid 
and reversible reaction with diols. The monomer B is subjected to radical 
copolymerization with large amounts of a cross-linking agent such as ethylene 
dimethacrylate in the presence of an inert solvent (which acts as a porogen to give a 
porous structure). This yields macroporous polymers with a large inner surface area 
and a permanent pore structure. Up to 95% of the templates can be split off from 
polymers of this type by treatment with water or methanol (Fig. 1.2) [12]. 
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C D
 
Figure 1.2 Schematic representation of a cavity C obtained by polymerization of B. 
The template can be removed with water or methanol to give D. Addition of a causes 
the cavity to be reoccupied, giving C again. In this case, the binding of the template is 
by covalent bonding. [12] 
 
After the template has been removed, the polymer is equilibrated in a racemic mixture 
of compound A. The experiment showed that the enantiomer used as the template is 
preferably taken up. 
 
1.1.2 The Function of the Binding groups 
 
In the imprinting procedure, the binding groups have several functions. On the one 
hand, the bond between the template and the binding group should be as strong as 
possible during the polymerization to enable the binding groups to be fixed by the 
template in a definite orientation on the polymer chains during cross-linking. Then the 
templates should be able to be removed as completely as possible. The next very 
important function is the interaction of the binding groups with the substrates to be 
bound, for example, with the compound that acted as the template. This process 
should be as fast and reversible as possible to enable application in chromatographic 
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separations or catalysis. Thus, although high activation energy is desirable for the first 
function, it should be as low as possible for the two other functions [8].  
 
1.1.2.1 Noncovalent interactions 
 
Imprinting can be achieved by either noncovalent or covalent interactions. The most 
widely used strategy, pioneered by Mosbach [9, 17], is based on noncovalent 
interactions between specific functional groups on the polymerizable monomers and 
the template in order to position the monomers in a specific spatial orientation prior to 
polymerization. After polymerization and removal of the template, the functional 
groups of the polymeric matrix can then bind the target through the same noncovalent 
interactions. To ensure that, on average, as many interactions as possible occur during 
the polymerization, the ratio of ligand monomer to template in the solution must be at 
least 4:1 [13]. The interactions usually used in the noncovalent method are 
electrostatic interaction, hydrogen bonding, π-π interaction, hydrophobic, hydrophilic 
and Van der Waals forces. The most important type of noncovalent interaction is the 
electrostatic one. For example, when imprinting with L-phenylalanine anilide in the 
presence of methacrylic acid, the influence of this interaction on the selectivity was 
thoroughly inverstigated [13, 14, 15, 16]. The strength of the interaction depends on 
the pKa values of the methacrylic acid and the amine group in the anilide, on the pH 
of the solution, and in some circumstances on competing ions present. By this method 
high affinity binding sites can be generated using the noncovalent imprinting strategy; 
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however, the limitation is that the template and target must form a sufficient number 
of noncovalent intermolecular interactions. 
 
1.1.2.2 Covalent interactions 
 
The other method is covalent approach [10] pioneered by Wulff and co-workers, who 
utilized reversible covalent bonding between a polymerizable monomer and a 
template molecule. After polymerization, these bonds were cleaved to liberate the 
template and subsequently reformed in order to selectively bond the target. Covalent 
imprinting strategy is very stable and selective. The commonly used covalent 
interactions are list in table 1.1 [8].  
 
Table 1.1 Covalent interactions during the imprinting process. 
Polymerizable 
binding group 
Binding site to the 
template 
Type of bond Reference 
4-vinylphenylboronic 
acid 
Diol Boronic acid ester [18, 19] 
Amines Aldehyde Schiff base [20, 21] 
Aldehydes Amine Schiff base [22, 23, 24, 25, 26]
Diols Ketone Ketal [27-30] 
Hemiacetals Alcohols Full acetal [31] 
Boronaphthalide Alcohol Boronic acid ester [24,22] 
Acrylic acid Amine Amide [32, 33, 34, 35, 36]
Acrylic acid Alcohol Ester [37, 38, 39] 
4-vinylphenyl Alcohol Ester [40] 
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carbonate 
Cobalt chelate Amino acid Chelate complex [41, 42] 
Copper chelate Imidazole Chelate complex [43, 44, 45, 46] 
Alcohols Carboxylic acid Ester [47, 48] 
Vinylimidazole+Co2+ Amino acids Chelate complex [49] 
 
The boronic acid group is very suitable for covalent binding. Poly(vinylphenylboronic 
acid)s are commercially available and are used in chemoselective affinity 
chromatography in alkaline aqueous solution for diol-containing compound [50]. 
They can also be used in a similar way for imprinting. The advantage is that relatively 
stable trigonal boronic acid esters are formed [Eq. (a)]. However, in aqueous alkaline 
solution or in the presence of certain nitrogen bases (for example, NH3, piperidine) 
tetragonal boronic acid esters are formed [Eq. (b)], which equilibrate extremely 
rapidly with tetragonal boronic acid and diol [18, 19]. In these cases, the rate of 
equilibration is comparable to that for noncovalent interaction. However, for most of 
the covalent interactions, the number of functional groups to react with template in the 
imprint is limited. At high concentrations very rigid imprint formation occurs. For 
practical repetitive use the cleavage and rebinding may be limited and problematic 
due to the limited interactions. 
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Covalent interactions have the advantage that the binding groups are precisely fixed in 
space during the polymerization, which should provide more homogeneous binding 
sites, however the re-binding is slower due to the necessary formation of the covalent 
bond between template and MIP, and is more cumbersome requiring prior 
derivatization of the template. With noncovalent interactions, a considerable excess of 
binding groups is required in the polymerization mixture so that the biding sites in the 
template are completely saturated at equilibrium. The template is usually very easily 
removed and reversible interactions with substrates are, in principle, rapid, although it 
may generate heterogeneous binding sites due to the relatively weak interactions 
utilized. When producing chromatographic materials for analytical purposes, 
noncovalent interactions are usually preferred, as the materials are more readily 
obtainable and an excess of binding groups apparently does not have a detrimental 
effect on the separations. For the constructions of catalysts, the orientations of the 
binding groups and catalytically active groups in the cavity are of greater significance, 
so that covalent interactions should be more advantageous here [8]. Attempts have 
been made to combine the advantages of both the covalent and noncovalent approach, 
whereby imprinting is carried out using polymerization of the functional monomer 
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being covalently coupled to a template, and selective rebinding utilizing non-covalent 
interactions [11].  
 
1.1.3 Application of Molecular Imprinted polymers 
 
1.1.3.1 Liquid chromatography 
 
The first application of MIPs was as stationary phases in affinity chromatography, in 
particular for the enantioseparation of racemic mixtures of chiral compounds, and 
much of the early work on MIPs was devoted to this aspect. The imprinting process 
introduces enantioselectivity into polymers that are synthesized from (in most cases) 
non-chiral monomers. The particularity of MIPs compared with conventional chiral 
stationary phases is that they are tailor-made for a specific target molecule, hence 
their selectivity is predetermined. For example, if a polymer is imprinted with the 
L-enantiomer of an amino acid, an HPLC column packed with the MIP will retain the 
L-enantiomer more than the D-enantiomer and vice versa, whereas a column 
containing an identical but non-imprinted polymer will not be able to separate the 
enantiomers. Typical values for the enantioseparation factor a are between 1.5 and 5, 
although in some cases much higher values have been obtained. If the molecule of 
interest contains more than two chiral centers, as is the case with carbohydrates, these 
properties of molecularly imprinted materials become even more relevant; in a study 
in which polymers were imprinted against a glucose derivative, very high selectivity 
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between the various stereoisomers and anomers were recorded [51].  
 
1.1.3.2 Solid phase extraction 
 
The application of molecular imprinting in the analytical separation field most close 
to practical realization is probably that of solid phase extraction, SPE. Several groups 
have already applied MIP-based solid phase extraction to biological and 
environmental samples and this technique may well be accepted generally in the 
not-to-distant future [52]. Benefits of the technique are the selectivity of the MIP can 
be pre-determined by the choice of template employed for its preparation, which 
combined with the high selectivity of the sorbent lead to efficient sample clean up. 
Also, the ability to improve sensitivity by extracting larger sample volumes has been 
mentioned. This is particularly interesting for trace analysis of environmental samples. 
Being a novel technique most studies published until now have dealt with the 
preparation of the selective MIP, and optimization of experimental conditions to 
obtain quantitative extraction of the sample and elution of the analyte into a small 
volume [52].  
 
1.1.3.3 Binding assays 
 
MIPs have been employed as non-biological alternatives to antibodies in a 
competitive radiolabelled molecularly imprinted sorbent assay, MIA [53]. The assay 
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is analogous to that of a competitive immunoassay, or limited reagent assay. Sample, 
containing analyte, and a fixed concentration of marker, a labelled derivative of the 
analyte, are incubated with a limited number of antibody binding sites or imprints. 
Analyte and marker compete for binding to the same sites and, hence, the amount of  
labelled marker bound to the antibodies or imprints is quantitatively related to the 
amount of analyte added to the incubation mixture [54]. Interest in this technique is 
due to MIPs combine highly selective molecular recognition, comparable to 
biological systems, with typical properties of polymers such as high thermal, chemical 
and stress tolerance, and extremely long shelf-life without any need for special 
storage conditions. In MIA the most commonly used label is a radioactive isotope, but 
also detection systems based on fluorescence have been suggested [54]. For MIA to 
become accepted generally one critical point is the introduction of efficient and 
easy-to-use non-radioactive techniques. An innovative technical improvement is the 
use of magnetic MIP beads to facilitate separation of free and bound radiolabelled 
marker [55]. Also, sub-micron beads, more resistant to precipitation and aggregation 
and, hence, requiring less agitation during incubation, may simplify the assay 
procedure [56]. 
 
1.1.3.4 Sensors 
 
In chemical sensors and biosensors, a chemical or physical signal is generated upon 
the binding of the analyte to the recognition element. A transducer then translates this 
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signal into a quantifiable output signal. The same general principle applies if an MIP 
is used as the recognition element instead of a biomolecule. Certain general properties 
of the analyte (such as its IR spectrum) or changes in one or more physico-chemical 
parameters of the system (such as mass accumulation or adsorption heat) upon analyte 
binding are used for detection. In the past few years, MIPs have been utilized as a 
molecular recognition membrane or layer on chemical-sensing systems in 
combination with transducers such as quartz crystal microbalances (QCMs) [57], 
surface plasmon resonance devices [58], field-effect devices [59], conductometry [60], 
or impedometric determination [61]. This principle is widely applicable and more or 
less independent of the nature of the analyte. Alternatively, reporter groups may be 
incorporated into the polymer to generate or enhance the sensor response. In other 
cases, the analyte may possess a specific property (such as fluorescence or 
electrochemical activity) that can be used for detection.  
 
1.1.3.5 Catalysis 
 
In many cases, enzymes exhibit low catalytic activities due to the presence of organic 
solvents, inhibitors, and/or complex mixtures and perturbations in the temperature and 
solution pH. These problems may be avoided by employing synthetic biomimitic 
catalytic counterparts [62] instead of biomolecules such as enzymes and catalytic 
antibodies [63]. The catalytic counterparts can be synthesized by tuning the enzyme 
active site through molecular imprinting with substrates or their transition state 
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analogues (TSAs) [64–66]. For the preparation of catalytically active MIPs, a cavity 
has to first be made with a defined shape corresponding to the shape of the substrate 
or, even better, to the shape of the transition state of the reaction. At the same time, 
functional groups are incorporated that act as binding sites, coenzyme analogs, or 
catalytic sites within the cavity and in a defined stereochemical manner [67]. These 
artificial polymeric catalysts are more durable and more resistant to harsh 
environments than biomolecules [68, 69], thus they may be highly advantageous for 
industrial continuous transformation and/or conversion reactions. 
 
1.2  Principle and applications of Quartz Crystal 
Microbalance (QCM) 
 
The signal transduction mechanism of the QCM technique relies upon the 
piezoelectric effect in quartz crystals, first discovered in 1880 by the Curie brothers, 
via a pressure effect on quartz [70]. A change in inertia of a vibrating crystal was then 
shown by Lord Rayleigh to alter its resonant frequency, f [71]. Important subsequent 
developments were good crystal stability through the use of electric resonators [72] 
and room-temperature stable AT-cut crystal [73]. In 1959, the QCM was first used in 
a sensing mode when Sauerbray reported a linear relationship between the f decrease 
of an oscillating quartz crystal and the bound elastic mass of deposited metal [74]. 
Early chemical applications of QCM were measuring mass binding from gas-phase 
species to the quartz surface. These represented some of the earliest chemical sensors 
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for moisture and volatile organic compounds [75, 76], environmental pollutants [77], 
and gas-phase chromatography detectors [78]. In the 1980s, solution based QCM 
developed as new oscillator technology advanced to measure changes in frequency 
that could be related to changes in viscosity and density in highly damping liquid 
media [79, 80]. The recent success of the QCM technique is due to its ability to 
sensitively measure mass changes associated with liquid-solid interfacial phenomena, 
as well as to characterize energy dissipative or viscoelastic behavior of the mass 
deposited upon the metal electrode surface of the quartz crystal. 
 
1.2.1 Principle of QCM 
 
A piezoelectric quartz crystal resonator is a precisely cut slab from a natural or 
synthetic crystal of quartz. Quartz crystal in its perfect natural form can be seen in 
Fig.1.3 a). A quartz crystal microbalance (QCM) consists of a thin quartz disk with 
electrodes plated on it as can be seen in Fig.1.3 b).  
a)                         b) 
   
Figure 1.3 a) The assignment of axes of quartz crystal. b) Schematic of a typical 
piezoelectric crystal. 
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The application of an external electrical potential to a piezoelectric material produces 
internal mechanical stress. As the QCM is piezoelectric, an oscillating electric field 
applied across the device induces an acoustic wave that propagates through the crystal 
and meets minimum impedance when the thickness of the device is a multiple of a    
 
Figure 1.4 AT-cut of a quartz crystal 
angle of 35¼° to the optical z-axis (Fig. 1.4). AT-cut quartz crystals show a 
tremendous frequency stability of △f/f ≈10–8 and a temperature coefficient which is 
close to zero between 0 and 50°C, rendering this particular cut the most suitable for 
QCM sensors [81-83]. 
 
A resonant oscillation is achieved by including the crystal into an oscillation circuit 
where the electric and the mechanical oscillations are near to the fundamental 
frequency of the crystal. The fundamental frequency depends upon the thickness of 
the wafer, its chemical structure, its shape and mass. Some factors can influence the 
oscillation frequency, like the thickness, the density and the shear modulus of the 
quartz that are constant, and the physical properties of the adjacent media (density or 
half wavelength of the acoustic wave. The
quartz crystal may provide a large variety of
different resonator types depending on the cut
angle with respect to the crystal lattice. AT-cut
crystals, which are predominately used for
QCM devices, operate in the TSM and are
prepared by slicing a quartz wafer with an  
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viscosity of air or liquid). For instance, a 5 MHz quartz resonator is approximately 
330 µm thick with lateral dimensions in the range 10–25 mm in diameter. 
 
1.2.2 Mass Sensitivity 
 
Sauerbrey has provided the first mathematical treatment of mass sensitivity of the 
quartz oscillation [1]. By analytically solving the one-dimensional equation of motion 
he showed that an ideal foreign mass layer results in a frequency decrease Δf that is 
proportional to the deposited mass Δm if the resonator is operated in air or vacuum. 
If the density of the mass layer is equal to that of the quartz crystal, the following 
relation applies: 
mSm
cA
ff f
q
∆−=∆−=∆
ρ66
2
02                     (1) 
 
Equation describes the frequency response of a resonator on deposition of a thin, rigid 
and uniform film. The integral mass sensitivity or Sauerbrey constant Sf depends on 
the square of the fundamental frequency f0, and increases proportionally to the 
overtone number n. ρq is the density of quartz, is the piezoelectric stiffened shear 
modulus of quartz and A is the area of the electrode.  
 
A more detailed theoretical treatment of the propagating acoustic wave that solves the 
general wave equation of motion for the proper boundary conditions reveals that the 
shear amplitude along the crystal surface is not uniform but radial symmetric, which 
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in turn means that the quartz resonator is not uniformly sensitive to the adsorption of a 
foreign material [84, 85]. The amplitude is maximum in the center of the evaporated 
electrode (r=0) and decreases monotonically with increasing distance from the center, 
vanishing at the electrode edges (r=R). The concept of energy trapping explains this 
observation [86]. Owing to the larger thickness of the quartz plate in the area of the 
electrodes, the conditions for resonance and hence the resonant frequencies of the 
quartz crystal in the electrode free region are different from those at the electrodes. 
Thus, when the crystal is excited at the (lower) eigenfrequency of the 
electrode-covered region, the oscillation in the uncovered region is not in a resonant 
condition but damped exponentially instead. The energy of the oscillation is therefore 
‘trapped’ in the area covered with the surface electrodes. Martin and Hager [85] were 
the first to show that the amplitude of vibration is nonzero beyond the electrode edges 
(r=R) owing to field fringing, which is not considered by the energy-trapping concept. 
Field fringing is enhanced in an environment of higher permittivity such as water. The 
amplitude of the shear vibration depends on energy dissipation and therefore on the 
kind of load on the quartz. The radial distribution of the shear amplitude can be 
described empirically by a Gaussian function. 
 
1.2.3 Applications of Quartz Crystal Microbalance 
 
QCMs have traditionally been used in vacuum deposition systems and have found a 
plethora of other applications: thin film deposition control; estimation of stress effects; 
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etching studies, space system contamination studies and aerosol mass measurement to 
name but a few. These devices have, however, become more and more frequently 
used in the world of analysis. Various approaches can be taken once a suitable 
recognition layer has been coated on the crystal. The options are many but the 
fundamental problem is to find a suitable coating layer and a method of reproducibly 
applying it. 
 
1.2.3.1 Gas phase detection 
 
The first analytical application of piezoelectric crystals was reported by King [87]. He 
developed and commercialized a piezoelectric detector, which could detect moisture 
to 0.1 ppm and hydrocarbons such as xylene to 1 ppm. Over the following few years 
intensive research led to the development of many gas phase detectors for organic 
vapours [88, 89], environmental pollutants [89, 90] and chromatography detectors 
[91]. The first gas phase immunosensor was described by Guilbault and 
Ngeh-Ngwainbi [92], using parathion antibodies coated on a PZ crystal surface. 
 
1.2.3.2 Immunosensors 
 
The high specificity of antigen-antibody reactions and the ability to generate 
antibodies against a variety of biological and nonbiological substances opened up a 
means to develop immunosensors to address questions in many areas ranging from 
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clinical diagnosis, through food control to environmental analysis. These require 
labeling techniques for the quantification of a binding reaction between a ligand and 
its complementary substance, such as a radioisotope, an enzyme, or a fluorescent 
probe. Although nowadays enzyme-linked immunosorbent assay (ELISA) is the most 
widely used analysis tool to detect antibody-antigen reactions, the following 
complicated steps such as several incubation, washing, and separation will black the 
application of online detection of this technique. Piezoelectric immunosensors, like 
the QCM and SAW sensors, are suitable transducer surfaces, which appropriately 
fulfill the above-mentioned demands. The online detection of antibody-antigen 
reactions in aqueous solution was first reported by Roederer and Bastiaans using 
SAW sensors [93] and Thompson et al. [94] using AT-cut quartz plates. The 
applicability of piezoimmunosensors in various fields is now well establishe [95]. 
Since the invention of phage libraries, immunosensing systems based on the QCM 
have been successfully applied as devices for the screening of phage libraries and 
determination of antibody affinity [96–98]. 
 
1.2.3.3 DNA-based sensors 
 
The development of oligonucleotide-based sensors has attracted recent research 
efforts directed towards gene analysis essential for the diagnosis of hereditary and 
infectious diseases. In addition to electrochemical and optical detection of DNA, 
mass-sensing devices were also added to the repertoire of signal transducers capable 
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of detecting oligonucleotides label free and online. The crucial step in developing a 
mass-sensitive nucleotide-detecting device is the immobilization of a single-stranded 
oligonucleotide on the resonator surface, which selectively hybridizes with the 
complementary strand from solution. Fawcett et al. [99] were the first to describe a 
piezoelectric crystal biosensor for DNA by immobilizing single stranded DNA 
anti-quartz crystals and detecting the mass change after hybridization. The approach 
exhibited a good potential for a DNA sensing device. And in 1998, Storri et al. [100], 
developed a piezoelectric crystal biosensor for DNA detection based on hybridization 
with an immobilized single stranded oligonucleotide. The 5% biotinylated 25 
nucleotide large single strand oligonucleotide was immobilized on a 
streptavidincoated piezoelectric crystal. The biosensor detected DNA which was 
complementary to the immobilized oligonucleotide and was able to distinguish 
between DNA molecules of different lengths. 
 
1.2.3.4 Detection of Cells 
 
Most piezosensors used for the detection of bacteria in solution are based on an 
antigen-antibody reaction, in which the bacterial cells bind to the corresponding 
surface-confined antibody and thus can be monitored. The application of 
microgravimetric acoustic sensors for the detection and characterization of 
prokaryotic and eukaryotic cells has led to a number of interesting experimental 
findings owing to the abundant information provided by such an analysis. One day, 
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TSM resonators may replace the complex and time-consuming methods of cell 
biology. Particularly in the food industry, fast and simple sensors are imperative for 
the routine determination of bacterial cell numbers in diets. Also in clinical areas, it is 
desirable to be able to determine cell numbers in body fluids online. 
 
1.3 Combination of Molecular Imprinted Polymers and QCM 
 
During the last few years there has been a big boost in the use of mass-sensitive 
acoustic transducers such as the surfaceacoustic wave (SAW) oscillator [101, 102] the 
Love-wave oscillator [103] and the quartz crystal microbalance (QCM) for the design 
of MIP-based sensors. The QCM (Fig.1.5) has been particularly popular probably 
because of its comparatively low price, robustness and ease of use. In one application, 
polymers of the polyurethane type were synthesized at the surface of SAW and QCM 
oscillators in the presence of a certain organic solvent [102]. The polymer films 
subsequently showed a preferential uptake of the imprinting solvent over other 
solvents. This uptake could be quantified by piezoelectric microgravimetry, that is, 
via the change in oscillation frequency resulting from the mass change at the 
oscillator surface. A QCM has also been used by another group to construct an 
imprinted polymer-based sensor for glucose [104]. The polymer, poly(o-phenylene 
diamine), was electrosynthesized directly at the sensor surface in the presence of 20 
mM glucose. In that way, a very thin (10 nm) polymer layer was obtained that could 
rebind glucose with certain selectivity over other compounds such as ascorbic acid, 
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paracetamol, cysteine and to some extent fructose. However, only millimolar 
concentrations of the analyte could be measured. Others have relied on common 
acrylic polymers for the design of MIP-based QCM sensors [105-108]. With such 
polymers, it has been demonstrated that the sensor selectivities are similar to those 
obtained in other applications of acrylic MIPs. For example, a QCM sensor coated 
with an (S)-propranolol-imprinted polymer was able to discriminate between the R- 
and S-enantiomers of the drug with a selectivity coefficient α = 5.109 
 
Figure 1.5 Schematic representation of a MIP-coated quartz crystal microbalance 
sensor [102]. 
 
One of the most interesting features of the combination of MIPs and QCM is that the 
MIPs could be electrosynthesized, which is a method different from the traditional 
one. Using this methodology, polymeric films can be easily grown adherent to 
conductiong electrodes of any sape and size and with a thickness controlled by the 
amount of circulated charge. This feature gives the possibility of creating a direct 
communication between the polymer and the surface of the transducer in a simple 
way, provided the latter is conductive. Electropolymerization has been already 
proposed as a procedure for imprinting polymers tobe used in a nitrate-selective 
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potentiometric sensor in 1995 by Hultchins et al [109]. The nitrate template was not 
removed from the polymer after the synthesis. The inability of other anions to replace 
nitrate in the polymer conferred high selectivity of the sensor response. However, the 
approach was limited to charged polymers and templates. In addition, the preservation 
of recognition sites upon removal of the template has not been considered, so that the 
possibility of using those polymers in chemical sensors with a different transducer 
cannot be evaluated. During the time of this work, attempts to imprint of 
electrosynthesized polypyrrole by charged and neutral species were reported in 1996 
by Spurlock et al [110]. The work was aimed at improving selectivity and sensitivity 
of film electrodes based on that polymer. Little success was obtained in the case of 
neutral species, perhaps due to the choice of overoxidizing the polymer after the 
imprinting procedure. In 1999, the preparation and characterization of 
electrosynthesized poly (o-phenylenediamine) (PPD) imprinted by glucose is reported 
as the first case of an electrosynthesized polymer molecularly imprinted by a neutral 
template by Cosimino et al [111]. In this work, good adsorption was obtained and the 
approach offers an easy way to the preparation (and, in persperctive, to the 
miniaturization) of biomeimetic sensors based on the imprinted polymers (recognition 
element) directly grown on the transducer (QCM). Recently, this method has been 
used as a biosensor, which sorbitol was used as template by Feng Liang et at [112]. 
This sensor exhibits good sensitivity, selectivity and reproducibility for sorbitol by 
virtue of the interaction between molecularly imprinted polymer binding sites and 
template. The following table 1.2 lists the functional monomer and template utilized 
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in the combination technique. 
 
Table 1.2 Functional monomer and template utilized in the combination technique 
Functional monomer Template Reference 
Polyanion and polycation Adenosine 
5’-monophospate 
[113] 
Methacrylic acid Propranolol [114] 
N,N-dimethylaminoethyl 
methacrylate 
Indoleacetic acid [115] 
Poly (o-phenylenediamine) Glucose [111] 
Polyppyrrole L-glutamic acid [116, 117] 
P-vinylbenzeneboronic acid Sialic acid [118] 
Phloroglucinol, bisphenol-A, 
p,p’-diisocyanatodiphenylmethane
Automotive engine oils [119] 
Methacrylic acid Nandrolone [120] 
Methacrylic acid L-menthol [121] 
Acrilonitrile and 4-vinylpyridine 
copolymer 
Caffeine [122] 
Methacrylic acid and 
4-vinylpyridine 
Parcetamol [123] 
Methacrylic acid and 
4-vinylpyrideine 
Dansyl-L-phenylalanine [124] 
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Methacrylic acid Atrazine [125] 
Methacrylic acid Lysozyme [126] 
Methacrylic acid and acrylamide Oxytocin [127] 
1,4-diacryolloxybenzene and 
benzyl methacrylate 
Hexachlorobenzene [128] 
m-Aminophenol Tegafur [129] 
Methacrylic acid  L-serine [130] 
o-Phenylenediamine Sorbitol [112] 
 
1.4 Research projective and scope 
 
Detection and separation of enantiomers are one of the most attractive and promising 
techniques which is much more important especially in pharmacy and drug industry in 
the analytical field. For this reason, in this project we design a novel MIPs with QCM 
and systematically investigate selectivity and sensitivity of the MIPs to the 
enantiomer amino acid used as template from the following aspects: a) composition of 
the MIPs b) concentrations of the analyte c) influence of the presence of the other 
enantiomer d) the effect of pH value. Meanwhile, we also study a new synthetic 
method to construct the MIPs by adding the porosity-forming reagent to facilitate the 
formation of the pores useful for increasing mass transition and reducing the 
responding time. The effects were obtained by detecting the chemical analogues. The 
influence of percentage of polymer and concentration of 2-hydroxyethyl methacrylate 
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was inverstigated. The morphology of the MIPs films on QCM was studied by AFM 
and SEM. 
 
Given the impetus stated above, the key aim of this project was to develop a novel 
molecularly imprinted polymers based on quartz crystal microbalance (QCM) for 
enantioselectivity of racemic amino as well as other chemical analogues. All these 
work will be expounded in the following chapters.  
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Chapter 2 
 
 
Experimental 
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2.1 Materials 
 
L-tryptophan (L-try) was obtained from Tokyo KASEI, D-tryptophan (D-try)（99+%）,  
acrylamide (AAM)（99+%）, trimethylolpropane trimethacrylate (TRIM), glycidyl 
methacrylate (GMA) （97%）, thioctic acid （97%）, acetonitrile (HPLC Grade, 
99.9%), 2-hydroyethyl methacrylate (2-HEMA) (99%), 2-(dimethylamino)ethyl 
methacrylate (2-DAMA) (99%), methacryl acid (MAA) (99+%), acryloyl chloride 
(99%), sulfamethazine (SMZ) (99%), sulfamethoxazole (SMO) (99%), 
2,2-Dimethoxy-2-phenylacetophenone (DAPA) (99%) and poly (vinyl acetate) (PVAc) 
(MW: 14000) were purchased from Aldrich (Sigma-Aldrich Chemie GmbH, 
Germany), trifluoroacetic acid (TFA)（98+%）and 2,6-diaminopyridine (99%) was 
purchased from Fluka (Buchs, Switzerland) , and 2,2 -azobisisobutyronitrile (AIBN), 
acetic acid (HOAc) and citric acid were obtained from Aldrich (Milwaukee, WI, 
USA), Diethylene glycol dimethyl ether (DEGDM) (99%) was obtained from Alfa 
Aesar. Thioctic acid-modified GMA and thioctic acid dodecane esters were 
synthesized according to reference [131] and characterized by MS and NMR. All 
buffer solutions were prepared with deionized water.  
 
2.2 Synthesis of functional monomer 
 
Diacryolyl-2,6-diaminopyridine (DADAP). To a solution of 2,6-diaminopyridine 
(1.0 g, 9.2 mmol), triethylamine (2.83 mL, 20.0 mmol, 2.2 equiv), and CH2Cl2 (75 mL) 
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was added acryloyl chloride (1.63 mL, 20.0 mmol) slowly over 15 min. The 
round-bottom flask was covered with aluminum foil and stirred overnight. Solvent 
was removed by rotary evaporation, and the resulting red solid was dissolved in ethyl 
acetate (100 mL) and successively extracted with brine (100 mL), saturated sodium 
bicarbonate (100 mL), and 0.1 M HCl (75 mL). The organic layer was collected and 
dried by MgSO4, and the residue was purified by column chromatography (1:1 
hexanes-ethyl acetate). The resulting white solid was vacuum dried overnight. Yield 
1.68 g, 83%. 1H NMR (CDCl3, 300 MHz), 5.86 (d, 2 H, 14 Hz), 6.26 (q, 2 H, 18), 
6.51 (d, 2H, 14 Hz), 7.30 (s,b 2 H), 7.78 (t, 1H, 11 Hz), 8.01 (d, 2 H, 15 Hz).  
 
2.3 Modification and Characterization of the Surface of QCM 
 
2.3.1 Self-assembly of thiol groups onto the gold electrode 
 
Au substrates on QCM crystals were cleaned with a hot pirhana solution 
(H2O2-conc. H2SO4 3:7 v/v). After rinsing with deionized water and ethanol, the 
cleaned crystal was immersed into an ethanol solution containing 3 mM thioctic 
acid-modified GMA and 3 mM thioctic acid dodecane ester for 12 h in order to 
introduce the vinyl groups onto the gold electrode of the QCM. After the 
self-assembly process, the crystal was rinsed thoroughly with ethanol and then dried 
under N2. 
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2.3.2 Film preparation and polymerization 
 
2.3.2.1 Molecular imprinted polymers for L-tryptophan detection 
 
Four different kinds of MIPs (MIP1-4) and a reference non-imprinted polymer (NIP) 
were prepared. 1 mmol of monomer (AM) and 0.125 mmol of template molecule 
(L-tryptophan) were weighed and placed into a 10 ml test tube. This was followed by 
the addition of 0.45 mL acetonitrile with magnetic stirring. 8 µL TFA and 0.1 mL 
HOAc were then added to the solution to dissolve the L-tryptophan. After 30 min of 
stirring, 15 µmol initiator (AIBN) and cross-linker (TRIM) at 2.83, 2.21, 1.74 and 
0.74 mM, respectively, were added to the solution. 
 
The polymerization mixture was degassed using nitrogen and cooled in an ice-bath for 
15 min prior to use. The gold electrode of the QCM modified with the thiol was 
coated with polymer using the sandwich casting method described by Kugimiya and 
Takeuchi [132]. 2 µL of the polymerization solution was deposited directly onto the 
surface of the Cr/Au electrode of the QCM and then covered immediately with a slim 
quartz slide. Polymerization was initiated by UV radiation using a 100-W 
medium-pressure mercury lamp (365 nm) under a nitrogen atmosphere for 45 min.  
Non-imprinted polymers （NIP） were synthesized in a similar manner, without the 
addition of the L-tryptophan template to the polymerization solution. Prior to use and 
after the detection, L-tryptophan was removed from the coating by sequential washes, 
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namely three washes with ethanol-acetic acid (1:9, v/v) and three washes with doubly 
distilled water. Each wash lasted 30 min or more. The coated QCM was then inserted 
into the detection cell with only one side in contact with the buffer solution. 
 
2.3.2.2 Molecular Imprinted Polymers for SMZ detection 
 
The MIPs for SMZ were synthesized according to the compositions list in Table 2.1. 
0.2 mmol monomer (AM) and 0.04 mmol template molecule (SMZ) were weighed 
and placed into a 10 ml test tube. This was followed by the addition of 0.32 mL 
DEGDM with PVAc. After 30 min of stirring, cross-linker (TIMR), (2-HEMA) and 
30mg initiator (DAPA) were added to the solution. 
 
The polymerization mixture was degassed using nitrogen and cooled in an ice-bath for 
15 min prior to use. The gold electrode of the QCM was coated with the 
pre-polymerization solution by spin coater. Firstly, the QCM was placed in the spin 
coater and fixed with parafilm and adhesive tape. Then the chamber was purged with 
nitrogen through a gas inlet in the coater and the outlet was connected to a bubbler. 
After 10mins of vigorous purging, 5µL pre-polymerization solution was added onto 
the quartz surface at 2000 rpm spin cycle for 5s. After that the UV lamp was placed 
on top of the UV-transparent window and turned on for 20 mins to perform the UV 
polymerization at 254 nm wavelength. The nitrogen gas was kept purging through the 
whole procedure. Non-imprinted polymers （NIP） were synthesized in a similar 
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manner, without the addition of the SMZ template to the pre-polymerization solution. 
Prior to use and after the detection, SMZ was removed from the coating by sequential 
washes described in L-try MIPs section. 
 
Table 2.1 Recipes for SMZ MIPs 
QCM Sensor MIP1 MIP2 MIP3 MIP4 NIP 
Template/mmol 0.04 0.04 0.04 0.04 0 
MAA 2-DAMA AAM DADAP AAM Functional 
monomer/mmol 0.2 0.2 0.2 0.2 0.2 
Crosslinker/mmol 1.0 1.0 1.0 1.0 1.0 
Initator/mg 30 30 30 30 30 
 
2.3.3 Instrumentation 
 
2.3.3.1 QCM systems 
 
The quartz crystals used were commercially available 10 MHz, AT-cut type (diameter, 
13.67 mm), with polished electrodes (diameter, 5.1 mm) on both sides, and consisted 
of 1000 Å Au with a 50 Å Cr under layer (International Crystal Manufacturing Co. 
Inc., Oklahoma City, OK, USA). The frequency changes were measured by a 
PB-KIT-O1, EQCM - Pico balance measuring system (Technobiochip, S.C.AR.L., 
Italy). 
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The QCM device was placed in a static detection chamber with one electrode exposed 
to a sample volume of 5.0 – 15.0 mL. When contacted with the solution, the 
frequency response was stable within ±1.0 Hz. 
 
2.3.3.2 Atomic force microscopy (AFM) 
 
The atomic force microscopy (AFM) experiments were performed on a Nanoscope 
Ⅲa, a commercial device from Oigital Instrument, Santa Burbara, CA, USA, under 
the tapping mode. 
 
2.3.3.3 Scanning Electron Microscope (SEM) 
 
The surfaces of MIPs film were characterized by employing a scanning electron 
microscope (SEM) system (Model JEOL JSM-35CF), whose simple operation and 
maintenance is assured by the fully automated vacuum system, by electronic circuitry 
taking full advantage of the latest advances in electronic engineering, and by a column 
and control units of logical and compact design. Start-up, shutdown, observation and 
photography can all be performed by simple, one-shot operations. Automatic focus 
compensation for changes in accelerating voltage, working distance and magnification 
is always preserved. Magnification display spontaneously reacts to changes in 
accelerating voltage and working distance. Furthermore, the current magnification 
and accelerating voltage are digitally displayed with LED, and when photographing, 
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this data is recorded together with the film number and micron marker for easy 
identification of micrographs. In addition, the use of ultra-high resolution CRTs 
allows observation of clear high magnification images and also provides low 
magnification images having detailed information. 
 
2.3.3.4 UV spectroscopy 
 
0.01 mmol SMZ was dissolved in 2 ml methanol. The functional monomer (MAA, 
2-DAMA, AAM and DADP) was added at 23 . The solution was equilibrated for 3 
min after injection. The UV spectra of the mixtures were measured using Shimadzu 
(UV1601PC) UV-vis spectrophotometer. Quartz cuvettes with 1 cm optical path were 
used as containers. The data for the mixtures were then compared with the 
superimposition of the spectra of the single monomer solutions.  
 
2.3.3.5 Electrochemical measurement 
 
The QCM quartz was used as working electrodes for the CV study. The 
electrochemical measurements were performed using a conventional three-electrode 
system with an Ag/AgCl reference and a Pt wire counter-electrode. The cyclic 
voltammograms were recorded in the presence of a 3 mM K3[Fe(CN)6]/K4[Fe(CN)6] 
mixture. 
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2.3.3.6 Measurement of the thickness of the MIPs films 
 
The thickness of the MIPs films are measured by Alpha-step 500 Surface Profiler. 
The measuring range is 1mm, beginning from the MIPs free area to the edge of the 
MIPs film on the QCM surface. For each film, we collected data at three different 
points on the film surface and determined the average value as the final data. 
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3.1 Effect of enantioselective molecular imprinting polymer 
coated QCM for the recognition of L- tryptophan 
 
3.1.1 Characterization of the thiol monolayer and MIP film-modified 
gold electrode 
 
Corroborating evidence for the presence of gold modified with the thiol and MIP 
film on gold was provided by atomic force microscopy (AFM) studies. Figure 3.1 
shows the topographic and 3-D images of a chemisorbed monolayer of thiol and MIP 
film relative to the bare gold surface of a QCM electrode. The gold surface of a 
commercial available QCM plate is not theoretically “flat”. Illustrated in Figure 3.1, it 
is actually made up of “peaks” and “valleys”, due to roughness of the surface. The 
gold surfaces upon immobilization with thiol and MIP film show significant 
differences which can be observed from the image of the chemisorbed monolayer of 
thiol with respect to that of bare gold surface: broad peaks are clearly replaced by the 
sharper ones upon the chemisorbed monolayer of thiol. The image indicates a more 
rugged topography for the MIP coated surface. 
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Bare gold surface 
  
Gold surface modified with the thiol 
 
 
 Gold surface modified with the MIP film 
 
Figure 3.1 The topographic and 3-D images of bare gold, a chemisorbed monolayer 
of thiol and MIP film of a QCM electrode 
 
Beside the characterization by AFM, the cyclic voltammogram is also used to give the 
evidence of the formation of thiol self-assembly and MIPs films. Curve “a” in Fig. 3.2 
shows the CV of the bare gold electrode in the presence of K3[Fe(CN)6]/K4[Fe(CN)6] 
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(1:1)-mixture. After the self assembly and the polymerization, cyclic voltammetry 
experiments were run to verify the insulating properties of the self-assembly and 
polymer films. As we can see from the curve b and c in Fig. 3.2, the surface of gold 
electrode was covered by the thiol molecules and MIPs significantly, especially after 
the polymerization. That means the gold electrode was successfully modified by the 
thiol molecules and MIPs.  
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Figure 3.2 Typical cyclic voltammogram of a) blank QCM, b) self-assembled QCM, c) 
MIPs coated QCM electrodes. Scan rate 5mVs-1 
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3.1.2 Response time and reproducibility of the QCM sensor  
 
In order to obtain highly enantioselective sensors, the formation of stable 
complexes between templates and their functional monomers in the reaction mixture 
and the preservation of these complexes in the resulting polymers is crucial. We have 
used acrylamide (AM) as functional monomers to promote hydrogen bonding with the 
L- tryptophan molecule in order to obtain good selectivity and reversibility. Figure 3.3 
shows a typical response time of the QCM sensor modified with a MIP2 layer in a 30 
mM citric acid buffer solution. It is shown that the L-MIP binds the L- tryptophan 
more strongly than the D- tryptophan.  
 
0 10 20 30 40 50 60 70
-80
-60
-40
-20
0
D-tryptophan
L-tryptophan
fr
eq
ue
nc
y 
sh
ift
 (H
z)
Time (min)
 
Figure 3.3 Frequency change of the QCM coated with L-tryptophan. 
imprinted polymer film (MIP2). Detection medium: 0.32 mM L- and 
D-tryptophan in a 30 mM citric acid buffer solution.  
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The regeneration of the coated QCM is of critical importance for application as a 
sensor. After a series of detections, the MIP sensors can be recovered by sequential 
washes, namely three washes with ethanol-acetic acid (1:9, v/v) and three washes with 
doubly distilled water. Each wash lasted 30 min or more. The reversibility was 
calculated by comparing the frequency changes obtained using the original and 
regenerated QCM to detect the same concentration of analyte. The regenerated QCM 
sensors typically recovered 95 to 105% of the adsorbing capacity of the original QCM 
sensors. 
 
3.1.3 Sorption characteristics of the enantioselective sensor 
 
The sorption characteristics of the enantioselective sensor MIP2 was investigated by 
testing a series of concentrations of enantiomers ranging from 8.8×10-3 mM to 4.5 
mM. Figure 3.4 shows the curves for the adsorption of L- or D- tryptophan 
enantiomers to the sensor MIP2. As can be seen, the signal obtained with the binding 
of template L- tryptophan to the imprinted membrane is about four-fold to three- fold 
larger than that obtained with the D- tryptophan enantiomer. The sensor response 
increases when the analyte concentration increases. In the calibration curve obtained, 
the initial slope change for L- tryptophan is 10.2 Hz (10-2mM)-1, while the slope 
change for D- tryptophan is 1.6 Hz (10-2mM)-1. The enantiomeric selectivity 
coefficient of the fabricated sensor is 6.4. The detection limit of the L- tryptophan was 
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8.8×10-3 mM from the curve. Cao et al. [133] also reported enantiomeric selectivity 
coefficient between L- and D-dansylphenylalanine enantiomers was 6.7. The 
detection limit of the L-analyte was also 5 µg mL-1  (1.45×10-2mM).  The results 
obtained here are almost the same as the values previously reported [133]. 
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Figure 3.4 Sorption characteristics of the enantioselective sensor to the L- and D- 
tryptophan enantiomers. Detection medium: citric acid buffer solution (a) MIP2 for L- 
tryptophan, (b) MIP2 for D- tryptophan, (c) NIP for L- tryptophan, (d) NIP for L- 
tryptophan.  
 
 
 
In the control experiments, the NIP sensor response of a crystal coated with the 
non-imprinted polymer film to the L- and D- tryptophan enantiomers was studied. As 
shown in Figure 3.4, the binding of L- and D-tryptophan enantiomers on the control 
polymer is almost the same, which indicates no enantioselectivity of the control 
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polymer film. The low sensor response is attributed to the non-specific binding caused 
by the randomly distributed amide groups. 
 
The number of imprinted sites in the membranes was estimated based on Scatchard 
equation [139]: 
 
where B is the amount of L- tryptophan (evaluated based on Sauerbray equation) 
bound to the imprinted membrane and [T] is the corresponding concentration of 
tegafur, Bmax is the apparent maximum number of the binding sites, Kd is the 
dissociation constant. Figure 3.5 shows the Scatchard plot converted from the data in 
Figure 3.4. The obtained Scatchard regression equation is: 
B / [T] = 2.55-3.01B (r=0.972) 
Therefore, the Kd is 0.332mM and the Bmax is 0.846nmol. Compared with the work by 
Malitesta[139] and Haiping Liao[140], good dissociation constant Kd was obtained 
probably due to strong acid-base interaction between AAm and l-tryptophan. 
However, the lowest apparent maximum number of the binding sites Bmax was shown 
here within these three works. The reason maybe that we used the lowest ratio 
between template molecule and functional monomer 1:4. And in Malitesta and 
Haiping Liao’s work, the ratios are 4:1 and 1:1 respectively. 
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Figure 3.5 Scatchard plot relevant to curve ‘a’ in Fig. 3.4. 
 
3.1.4 Influence of the cross-linking monomer concentration on the 
sensor performance 
 
The sensitivity of the chemical sensor is mainly determined by the receptor sites on 
the transducer surface. For the formation of defined recognition sites, the structural 
integrity of the monomer-template assemblies must be preserved during 
polymerization to allow the functional groups to be fixed in space in a stable 
arrangement complementary to the template. This is achieved by the use of a high 
level of cross-linking. In order to study the effect of the concentration of the 
cross-linking monomer on the sensitivity and enantioselectivity, the performance of 
 46
  
QCM sensors coated with different MIP films prepared with different cross-linker 
TRIM was evaluated. The results (Table 1 and Figure 3.6) indicate that the resonant 
frequency increased with the increasing of the TRIM concentration. The enantiomeric 
selectivity coefficient of the MIP2 used in this work is 6.4. The detection limit of the 
L-analyte was 8.8×10-3 mM to the sensor MIP1 (Table 1).  
 
Table 3.1 The sensitivity and enantioselectivity of the QCM Sensors 
QCM Sensor MIP1 MIP2 MIP3 MIP4 
TRIM/AM (molar ratio) 2.83 2.21 1.74 0.74 
Analyte 
L- 
try 
D- 
try 
L- 
try 
D- 
try 
L- 
try 
D- 
try 
L- 
try 
D- 
try 
The initial slope change 
(Hz/10-2mM) 
5.4 0.9 10.2 1.6 2.7 0.5 0.9 0.2 
The detection limit (×102mM) 1.5 8.9 0.88 4.4 3.0 14.7 8.9 29.1 
The enantioselectivity coefficient 6.0 6.4 5.4 4.5 
 
In general a MIP polymer matrix should be rather rigid to preserve the selective 
cavity structure after the removal of the template. An increase of cross-linking density 
reduces polymer chain flexibility and in that way provides improved stabilization of 
the structure of selective cavity. This improves the contribution of specific binding to 
receptor sites and leads to an increase of sensitivity and enantioselectivity for the 
analyte. As can be seen from Table 1, the sensor MIP2 has the highest selectivity 
coefficient. Much higher the cross-linking monomer concentration [the sensor MIP1, 
TRIM/AM (molar ratio) value 2.83] leads to a decrease of sensitivity and 
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enantioselectivity for the analyte. Obviously this is a result of formation an increasing 
fraction of excessively cross-linked domains in MIP matrix, which possess a reduced 
number of MIP receptor sites and a poor access of the template to them [38]. 
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Figure 3.6 Effect of the cross-linking monomer concentration in monomer 
formulation on sensor response. Frequency was recorded by exposure of QCM 
coated with different types of imprinted polymers to citric acid buffer solution 
containing L-tryptophan and D-tryptophan solution. (a) MIP1 for L- try, (b) MIP2
for L- try, (c) MIP3 for L- try, (d) MIP4 for L- try, (e) MIP1 for D- try, (f) MIP2 for 
D- try, (g) MIP3 for D- try, (h) MIP4 for D- try. 
 
3.1.5 Application of the enantioselective sensor 
 
A series of solutions were prepared by mixing L- and D-tryptophan at different fixed 
ratios. The sensor MIP2 was used to determine the frequency change of the different 
solutions.  Figure 3.7 shows that the enantionmeric composition of L- and 
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D-tryptophan enantiomer mixtures can be determined from the calibration curves 
which show good linearity.   
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Figure 3.7 Frequency decrease of the sensor MIP2 with enantionmeric composition of 
L-tryptophan and D- tryptophan at different concentrations: (a) 0.32 mM; (b) 0.64 
mM  Detection medium: in a 30 mM citric acid buffer solution. 
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3.2 Study of the detection of molecularly imprinted polymer 
coated QCM for sulfamethazine (SMZ) and its chemical 
analogues with novel methodology 
 
3.2.1 Choice of functional monomers 
 
When template and functional monomers form complexes in solution, the strength of 
these complexes is reflected in the affinity and selectivity of the imprinted polymer. 
Non-complexing functional monomers will yield polymers with functional groups 
distributed statistically throughout the polymer matrix creating non- or weakly 
selective binding sites contributing to non-specific binding. In contrast, functional 
monomers, giving high degrees of template complexation in a monomer mixture, are 
supposed to generate polymers which demonstrate high selectivity together with low 
levels of non-specific binding. Consequently, the choice of functional monomers is of 
significant importance for the quality of recognition sites in MIPs. The common used 
monomers can be basic (e.g., vinylpyridine) or acidic (e.g., methacrylic acid) [123], 
permanently charged (e.g., N, N, N-trimethylaminoethylmethacrylate) [115], 
hydrogen bonding (e.g., acrylamide) [127], hydrophobic (e.g., styrene) [40] and 
others. These fairly ‘simple’ monomers normally have association constants with the 
template that are too low to form a stable complex. Thus, they have to be used in 
excess to shift the equilibrium towards complex formation. To justify a comparison 
between monomers (here: MAA, 2-DAEA, AAM and DADP) and their suitability for 
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creation of recognition sites via molecular imprinting, their ability to non-covalently 
interact with SMZ, which ahs been widely used in the treatment and prevention of 
infections such as urinary tract infections, chlamydia and rheumatic fever, in a 
monomer mixture has been studied by UV difference spectroscopy.  
Four kinds of functional monomer are chosen whose structures are listed in figure 3.8. 
They are 2-Methyl-acrylic acid (MAA), acrylamide (AAM), 2-(Dimethylamino) ethyl 
methacrylate (2-DAEA) and 2, 6-Diacyl diaminopyridine (DADP). The reason why 
these four monomers are chosen is that MAA is most popular functional acid 
monomer used nowadays which can interact with base, AAM and 2-DAEA are base 
which can interact with acidic group in target molecules and DADP is one of another 
attractive candidates which can form multi hydrogen bonds with template, especially 
with the biological molecules such as thymine [132].  
 
OH
O
2-Methyl-acrylic acid (MAA)
NH2
O
Acrylamide (AAM)
O
O
N
2-(Dimethylamino) ethyl methacrylate (2-DAEA)
N
H
N
H
N
OO
2,6-Diacyl diaminopyridine (DADP)
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Sulfamethazine (SMZ)     
H2N S NH
O
O
N
O CH3
Sulfamethoxazole (SMO)  
Figure 3.8 Structures of different functional monomers and analytes 
Figure 3.9 shows the UV spectrums of different functional monomers and the mixture 
of monomers and template molecules. The wavelength shifts between these spectrums 
due to the hydrogen bonding interactions of functional monomers and template 
molecule are listed in table 3.2. As we can see, the biggest shift happens between 
AAM and AAM-SMZ. This means that AAM has the strongest interaction with 
template SMZ and is the most suitable monomer in this system. Although other 
monomers also interact with SMZ to different degrees, the intensities are not as strong 
as that of AAM. The possible reason for the strong interaction is shown in figure 3.10. 
AAM is basic and could form strong base-acid complex with SMZ and multiple 
hydrogen bonds.  
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Figure 3.9 UV spectra for SMZ and functional monomers (MAA, 2-DAEA, AAM 
and DADP) in methanol related to non-covalent complex formation in the reaction 
mixture used for MIPs synthesis 
 
Table 3.2 Shifts for different interactions between SMZ and functional monomers 
 MAA 2-DAEA AAM DADP 
Initiate (nm) 209.50 208.50 207.00 213.80 
Complex (nm) 214.00 210.00 220.00 213.60 
Shift (nm) 5.50 1.50 13.00 -0.2 
 
Figure 3.10 Proposal model for SMZ and AAM interaction 
 
We also used QCM to verify and support the result obtained from UV spectrum. 
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Figure 3.11 shows the adsorption and selectivity of MIPs to target SMZ and analogue 
SMO using different functional monomers. The MIPs using AAM and MAA have the 
biggest adsorption to SMZ in all. This is the same as the result obtained from the UV 
spectrum, where AAM and MAA have the largest shifts compared with the other two 
functional monomers. But it was also shown that MIP with AAM has better 
selectivity than that of MIPs with MAA, which is perfectly consistent with the UV 
spectrum. We can conclude that AAM is the best functional monomer for these 
system and the following MIPs in this experiments will choose AAM as the 
functional monomer.  
 
Figrue 3.11 The adsorption and selectivity of MIPs using different functional 
monomers to SMZ and SMO. 
 
3.2.2 Effect of addition of PVAc on the adsorption and thickness of 
MIPs  
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As we know, the general approach involves attaching the MIP onto the surface of a 
transducer that senses binding events between the MIP and the target analyte and 
sends a quantifiable signal to the user. This usually requires an MIP that has been 
prepared in a film format, and it is often necessary to control the thickness and 
porosity of the film in order to optimize the sensitivity of the device. Until now, the in 
situ synthesis of films, via the polymerization of vinyl-based monomers has relied on 
awkward adaptations of bulk-polymerization techniques, resulting in poor control of 
film thickness and porosity, or on the use of somewhat cumbersome surface-initiated 
polymerization methods. The most common method to obtain MIP film is the 
sandwich casting method described by Kugimiya and Takeuchi [133]. With this 
method, you cannot give the exactly same pressure to make the MIP film having the 
same thickness, so usually it is difficult to study the reproducibility and comparison 
with other MIP. In order to solve this problem, spin-coating was used to spread a MIP 
pre-polymerization mixture onto a substrate, and UV photolysis was used to cure the 
films. If the rpm and duration is fixed, the final film thickness is controllable for the 
same solution. However another problem appears, the common porogens used in 
MIPs system are chloroform, acetonitrile and ethanol etc. These porogens are 
obviously inappropriate for this system, since the porogens will evaporate 
dramatically and quickly, thus they can not help create enough pores in the MIPs 
matrix. These pores are important because if the cavity which is created by template is 
in proximity to a pore, the template can be extracted, producing an empty cavity 
whose size, shape, and chemical functionality complements the original template. 
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These cavities can be used to selectively bind target species that are structurally and 
chemically similar to the original template. If the cavity is not in proximity to a pore, 
however, the original template often cannot be extracted, and as a result, the polymer 
is not capable of binding the target species. Thus, it is critical to produce films with 
high porosities, as facilitated by the process described herein [134]. To solve this 
problem, we utilize the soluble, linear poly (vinyl acetate) (PVAc) and low-volatility 
solvent diethylene glycol demethyl ether (DEGME) to facilitate the creation of 
enough porosity [135].  
First of all, we study the influence of the PVAc to the porosity of MIPs. It can be 
shown from the amount of the water absorbed by MIPs film on QCM. Table 3.3 lists 
the percentage of PVAc used and the relative amount of water absorbed. The more 
PVAc used in MIPs, the more water it can absorb. This indicated that more porosity 
was created in the MIPs by addition of PVAc. The difference between the MIPs in 
15min and 30min may be caused by the degree of the polymerization.  
Table 3.3 Amount of PVAc and water absorbed 
Reaction time Amount of PVAc Amount of Water 
15min 0% 4200Hz 
30min 0% 9800Hz 
15min 2% 5100Hz 
30min 2% 12100Hz 
15min 5% 6200Hz 
30min 5% 16100Hz 
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Meanwhile, we also investigate the relationship between the percentage of PVAc used 
and the adsorption of MIPs to the target molecule SMZ. We found that the amount of 
the SMZ increase with the amount of PVAc used. The use of pure solvents resulted in 
non-porous films with very low binding capacities. A concentration of 1% PVAc 
(w/w, MW ca. 140000 gmol-1) in the diglyme resulted in a significant increase in the 
amount of bound SMZ in figure 3.12. Increasing the amount of PVAc to 20% resulted 
in a much larger capacity. The largest capacity appears when 5% PVAc was used and 
further increasing the concentration of PVAc did not significantly affect the capacity 
of the MIPs films. So in the following experiments we choose 5% PVAc in all MIPs 
synthesis.  
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Figure 3.12 The resonant frequency change of the QCM as a function of concentration 
of PVAc 
 
Percentage of PVAc (%) 
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The thickness of the films was determined by Alpha-profilemeter. These data are 
plotted in figure 3.13. From the figure we can see that the film thickness can be 
controlled very well by just adjusting the percentage of PVAc in the 
pre-polymerization solution.  
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Figure 3.13 Thickness versus concentration of PVAc in the pre-polymerization 
mixture. Film Thickness was determined by Alpha-profilemeter. 
 
3.2.3 Sorption characterization of SMZ-sensor 
 
The sorption characteristics of the SMZ-sensor were investigated by testing a series of 
concentrations of enantiomers ranging from 0.0085 mM to 0.23 mM. Figure 3.14 
shows the curves for the adsorption of SMZ and SMO to the SMZ-sensor. As can be 
Percentage of PVAc (%) 
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seen, the signal obtained with the binding of template SMZ to the imprinted 
membrane is about to six-fold larger than that obtained with the SMO. The sensor 
response increases when the analyte concentration increases. 
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Figure 3.14 Sorption characteristics of the QCM sensor to the SMZ and SMO. 
Detection medium: water solution (a) MIPs for SMZ (b) MIP SMO, (c) NIP for SMZ 
 
In the control experiments, the NIP sensor response of a crystal coated with the 
non-imprinted polymer film to the SMZ and SMO was studied. As shown in Figure 
3.14, the binding of SMZ on the control polymer is smaller than it on the SMZ-sensor, 
which indicates no selectivity of the control polymer film. The low sensor response is 
attributed to the non-specific binding caused by the randomly distributed functional 
groups. 
Concentration of analytes (mM) 
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3.2.4 Characterization of polymer films with AFM and SEM 
In order to understand the influence of PVAc on MIPs morphology, we use AFM and 
SEM to study the morphologies of polymer films. Figure 3.15 and 3.16 show the 
dramatically different images between the films with and without PVAc. In fig. 3.15a 
and 3.16a, there is hardly any porosity and cavity on polymer film, which is very 
crucial in the following detection and adsorption testing. However, in fig. 3.15b and 
3.16b, excellent and obvious cavities can been seen, which is caused by the adding of 
PVAc. PVAc gives a brilliant facility to the SMZ-MIPs to obtain good adsorption and 
discrimination. The crack in fig. 3.16a is caused by the shrinking of the imprinted 
polymers, after the solvent involved evaporated. However we do not observed them in 
fig. 3.15b with PVAc. It shows that the addition of PVAc probably is able to improve 
the mechanical properties.  
      
      
Figure 3.15 AFM images for SMZ-IMP a) SMZ-IMP without PVAc b) SMZ-IMP with PVAc 
a
b
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a)  b)  
Figure 3.16 SEM images for SMZ-IMP a) SMZ-IMP without PVAc b) SMZ-IMP 
with PVAc 
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Chapter 4 
 
 
Conclusion and further work 
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4.1 Conclusion 
 
In this work we have described a quartz crystal biomimetic sensor for the detection of 
enantiomeric composition using artificial recognition films prepared via molecular 
imprinting technology. The influence of the cross-linking agent concentration on the 
sensitivity and selectivity of the fabricated polymer films was investigated and 
optimized. The enantioselectivity of the MIPs coating has also been investigated for 
the l- and d-tryptophan enantiomers giving an enantiomeric selectivity coefficient of 
6.4. Four different bio-mimetic polymers for l-tryptophan have been synthesized by 
molecular imprinting. Through comparison, the MIP2 sensor using TRIM/AM (molar 
ratio) value of 2.21:1 as the cross-linking monomer concentration shows the highest 
sensitivity and enantioselectivity for the analyte. The composition of l- and 
d-tryptophan enantiomer mixtures can be determined by measuring the frequency 
shifts of the sample with reference to the calibration plot. The detection limit of the 
analyte is 8.8µM. 
 
In another system, the effect of porogen generator PVAc and low-volatility solvent 
DEGDM on the improvement to the reproducibility and controllability was studied 
using SMZ as the template molecule. On this work we can see that the thickness of 
the polymer films coated onto the QCM surface could be controlled accurately 
through adjusting the content of PVAc. It was also found that the adsorption of 
SMZ-MIPs is proportional to the percentage of the PVAc added each time. Good 
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reproducibility as well as discrimination was obtained. Meanwhile, we also studied 
the influence of the morphology of polymer films containing PVAc and DEGDM. 
The AFM and SEM images showed the morphologies of films with and without 
PVAc are dramatically different. The porosities generated by PVAc was clearly 
observable. 
 
4.2 Further work 
 
The most important and promising applications of this kind of MIP-QCM sensors lie 
in their ability to discriminate one of the enantiomors from their racemates and to 
study interactions in biological systems such as interactions between antibody and 
antigen, DNA and its complementary oligonucleotide. First of all, we can select a 
certain chiral compound found in drugs to make the template in MIPs. It is expected 
that this PVAc/DEGDM/MIPs system should be more suitable for chiral 
discrimination, because of their good reproducibility, controllability and high 
porosities. Secondly, DNA or antibody could be introduced into imprinted polymer 
films as a functional component to detect their complementary oligonucleotide and 
antigen. However, some necessary modification should be made in order to connect 
these DNA and antibodies to the polymer matrix. Carbon double bond can be 
introduced into DNA and antibody, so that by using the radical polymerization 
functional components will be connected firmly in the polymer matrix. Finally, we 
also can study the biological systems with the method reported by Cooper in 2003 
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[138]. The essence of their idea is to keep the resonant frequency constant and change 
the voltage applied to adjust the amplitude of the oscillation of the crystal. With the 
increase of oscillation, the interaction between analytes and substrate will be 
decreased. At last the bond will be broken and the signal is obtained. By analyzing 
these signals, the relative bond strengths and intensity of the bond could be studied. 
The main merits of this method are speed, sensitivity and the absence of labeled 
component. 
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